INTRODUCTION

Structural components of the new San Francisco-Oakland
Bay Bridge (SFOBB) East Bay Spans 1 that are expected to deform inelastically under a major earthquake were subjected to proof-of-concept tests in the Charles Lee Powell Laboratories at the University of California, San Diego. These quasi-static, fully reversed cyclic structural tests were designed to demonstrate that key structural components in the bridge could withstand inelastic deformations in excess of those expected from a 1500-year-return-period earthquake on either the San Andreas or Hayward Faults. The other components of the bridge, such as the bent caps and the pile caps were designed according to capacity design principles 2 to remain elastic during such earthquakes.
This paper presents highlights from the structural testing of two nearly identical 1/4-scale Skyway piers subjected to fully reversed cyclic loading. These highlights cover primarily the relationship between the tests and the design of the actual bridge piers, focusing on the shear capacity, spread of plasticity, and spalling under frequent earthquake (FEE) loads. They include some numerical information where relevant to issues such as the spread of plasticity and cyclic loading. Detailed information on both tests including test design, construction, setup, instrumentation, observations on cracking and spalling, and measurements from over 400 channels on each test are presented in Reference 3. The first test, known as the longitudinal pier test (LPT), was loaded only in the bridge longitudinal direction. The second test, known as the diagonal pier test (DPT), was loaded in the bridge longitudinal direction, in the bridge transverse direction and biaxially in different combinations of these directions. The prototype pier, pictured in Fig. 1 , is typical for a majority of the piers supporting the Skyway. In addition to supporting the new SFOBB East Bay Skyway, these types of hollow rectangular piers with highly confined corner elements support the new Third Carquinez Strait Bridge and the new Second Benicia Martinez Bridge in the San Francisco Bay Area. Therefore, these two large-scale tests were completed both as proof-of-concept tests and as part of a larger fundamental research program on the seismic performance hollow rectangular piers. 4 References 5 and 6 discuss results from this research program relating to the spread of plasticity, strain limits, force-displacement characterization, and shear capacity of hollow rectangular piers with confined corner elements.
Reducing the mass of these piers by making them hollow decreases their contribution to seismic loads on the bridge. Since the boundary elements in such piers protrude beyond the connecting walls, damage in the pier compression zone is restricted only to the most highly confined regions of the pier. Furthermore, vertical shadow lines resulting from the sharp corners create a strong visual impression and make the piers appear slender. Finally, inherent flexibility in the shape of hollow, rectangular cross sections allowed designers to model the form of the Skyway piers after the suspension bridge tower itself, thereby maintaining a consistent visual rhythm throughout the entire East Bay crossing.
The size and complexity of these bridge piers raised questions pertaining to their seismic performance. The Skyway Design Criteria 7 assumed an equivalent plastic hinge length that had been derived based on the behavior of simple circular and rectangular bridge piers. This formulation was, Title no. 103-S12 therefore, not certain to apply to the more complicated Skyway piers. Anchorage details for the transverse bars inside of the tension boundary elements substantially complicated the construction of the piers, raising the question of whether the ends of the transverse bars could be left straight. Finally, only with proper detailing could the architectural concrete in the piers be prevented from spalling under even moderate earthquakes. These details, developed during testing, for the transverse reinforcement and the architectural concrete were incorporated into the final bridge design.
Structural Testing of New East Bay Skyway Piers
RESEARCH SIGNIFICANCE
Piers supporting three new toll bridges in the San Francisco Bay Area are designed as hollow rectangular piers with highly confined corner elements. The seismic performance of these piers has not previously been investigated in sufficient detail to validate design assumptions. This paper presents test results from hollow rectangular piers subjected to quasistatic, fully reversed, cyclic biaxial demands. This paper communicates the highlights of these proof-of-concept tests, discusses the effects of their results on the design of the East Bay Skyway piers, and refers readers to a suite of documents that discuss their behavior in greater detail.
PROTOTYPE AND 1/4-SCALE TEST UNITS
The hybrid prototype pier chosen for testing reproduced the height of Skyway Pier E9E, whose aspect ratio approximated an average for all the piers, and the section geometry of Skyway Pier E15E from the 85% design submittal (refer to Fig. 1 ). Creating such a hybrid ensured that the piers could be tested at 1/4-scale and that the test units' behavior represented a majority of the Skyway piers in their seismic response. This scale was established as the smallest scale that still allowed the use of construction materials with mechanical properties similar to those used in the prototype.
The DPT unit is pictured in Fig. 2 . The footing of the pier was fixed to the laboratory floor by means of post-tensioning bars. As per the 85% design, a steel socket was cast into the footing to help force transfer. Loads were introduced into the test unit through the heavily post-tensioned load stub at the top of the pier.
Instead of conducting scale tests on individual piers selected from the East Bay Skyway, this test program developed a generalized test unit whose results were compared to three-dimensional nonlinear finite element models. 3, 8 Once calibrated, these models could be used to predict the behavior of other piers in the Skyway. The primary requirements for the generalized test unit were that it would form plastic hinges under longitudinal and transverse loading and that it not fail in shear. Under longitudinal loading, the test units were designed to form hinges at both the top and bottom of the clear span. Under transverse loading, the test units were designed to form hinges at only the bottom of the clear span. Test unit transverse reinforcement was designed to reflect, in general, the transverse reinforcement design of a typical Skyway pier.
Because Pier E9E had a height (28.1 m [92 ft, 3 in.]) that was roughly twice the height of Pier E15E (14.1 m [46 ft, 3 in.]), the transverse steel from Section E15E was scaled according to the ratio V s /V u , where V s equals the shear resistance provided by the transverse reinforcement, and V u equals the ultimate shear demand on the member. The research team deliberately kept the design of the transverse reinforcement simple in order to emphasize the fact that the test units were not scale models of a specific pier but rather generalized models that were built and tested in order to calibrate finite element models. Figure 3 shows the cross section that was common to both test units with dimensions and reinforcement. The test unit 2 ). The plastic zones at the top and bottom of the piers were confined more heavily than the midheight zone. The top plastic zone was 1372 mm (54 in.) high, corresponding to the pier section depth in the bridge longitudinal direction. The bottom plastic zone was 2134 mm (84 in.) high, corresponding to the pier section depth in the bridge transverse direction.
The number of wall crossties in the test unit was reduced significantly from the number specified in the 85% design. The 85% design called for wall crossties at every longitudinal bar in the wall spaced vertically at 100 mm (4 in.) inside the plastic zones and 200 mm (8 in.) outside the plastic zones. The test unit was designed, however, to have such close wall tie spacing only up to a height of 254 mm (10 in.) above the footing. Higher than this, the ties were spaced horizontally at every other longitudinal bar and vertically at every other transverse bar, reducing the number of wall crossties by a factor of four, as shown in Fig. 4 . These measures both provided restraint against longitudinal bar buckling and reduced congestion in the structural walls.
Three other modifications to the 85% design were tested and then incorporated in a similar form into the final Skyway Design. While the 85% design specified 90-degree end hooks for all transverse bars, the LPT and DPT transverse bars were designed with straight ends, increasing the piers' constructibility. In response to substantial spalling close to the FEE demand levels in the LPT, the DPT was built with special design details for the architectural concrete. These details consisted of 25 mm (1 in.) isolation gaps between the architectural concrete and the footing or load stub, and 180-degree No. 6 (No. 2) deformed tiebacks inserted at the corners of the architectural concrete. Figure 5 shows all of these details. Figure 5 (a) depicts the test unit according to the 85% design, and Fig. 5 (b) depicts the test unit both with straight transverse bars and with the special design details for the architectural concrete. Table 1 gives material properties for concrete and steel used for both test units. Column 2 of Table 1 of this table lists the average, day-of-test concrete cylinder strengths for the piers. Columns 7 and 8 list approximate strains and stiffnesses at first hardening. The strain at maximum stress in all bars exceeded ε su ≥ 0.10.
TEST SETUP AND LOADING
The test units were loaded quasi-statically in the horizontal direction under constant axial load according to incrementally increasing, fully reversed cyclic loading patterns. Figure 6 shows isometric views of both test setups. See Reference 3 for detailed descriptions of both test setups, instrumentation schemes, and loading protocols.
The longitudinal horizontal load was applied through a load frame by two 2000 kN (450 kip) servo-controlled hydraulic actuators that were positioned at pier midheight in order to deform the test unit in double bending. For the DPT, the transverse horizontal load was applied by four 979 kN (220 kip) servo-controlled hydraulic actuators. Axial load was applied to the test units by two 2000 kN (450 kip) servocontrolled hydraulic actuators identical to those used for the longitudinal horizontal load. Additional axial load was provided by two 890 kN (200 kip) hollow core jacks and the combined 750 kN (170 kip) weight of the load stub and load frame. The total axial load of 6090 kN (1370 kip) corresponded to an axial load ratio of P/f ′ c A g = 0.10 and represented a typical value for the axial load ratios in the real Skyway piers, which ranged from 0.07
15. The LPT loading protocol was known to be a very severe loading history in terms of energy, with input exceeding the energy input from the Bay Bridge governing design earthquake. 3 Four initial, fully reversed cycles were run in load control, to 1/4F′ y , 1/2F′ y , 3/4F′ y , and F′ y , where F′ y equals the force corresponding to theoretical first yield of the extreme longitudinal reinforcing bars (refer to Table 2 , Column 1). The remainder of the test was conducted in displacement control, with three cycles each at displacement ductility levels µ ∆ = 1, 2, 3, 4, and 6, and one cycle at µ ∆ = 8.
First yield was calculated based on a moment curvature analysis of the test unit cross section. When the LPT reached first yield, the measured top displacement ∆′ y (Column 4) was used to calculate the experimental elastic bending stiffness. 
Bar (3) Diameter, mm (4) The ideal yield force F y (Column 2) was computed by means of moment-curvature analysis and corresponded to the force at which the extreme confined concrete compression fibers reached ε c = 0.0040, which occurred before the extreme tensile steel fibers reached ε s = 0.015. The experimental elastic bending stiffness K E and the ideal yield force F y were then used to determine the experimental ideal yield displacement ∆ y (Column 5). 2 (2)
The DPT was subjected to a newly developed loading protocol that allowed for comparison of damage and performance at specified displacement ductility levels for four major axes of rotation. In the horizontal displacement histories produced by the design team, several Skyway piers showed tendencies to deform in the bridge principal and diagonal directions, and in a sweeping motion from one principal direction to another. Based on this observation and on the importance of studying the spread of plasticity in both the principal and diagonal directions, the loading history in Fig. 7 was proposed. This loading history determined the ideal yield displacements ∆ yL , ∆ yT , and ∆ yD in the longitudinal, transverse, and diagonal directions, respectively, of the bridge before cycling in displacement control. In displacement control, the pier was pushed in the longitudinal direction, swept to the transverse direction (A to C in Fig. 7) , pulled in the transverse direction (C to D), swept back to the longitudinal direction (D to F), and then cycled once in the other diagonal direction to Positions G and H. After returning from the excursion to H, the displacement ductility demand was increased.
With the loading history established, the diagonal direction and the diagonal ideal yield displacement ∆ yD were defined in the following manner. The theoretical first yield moment M ′ yD was calculated according to α s = 30 degrees (refer to Fig. 3 ). This was the approximate angle at which the longitudinal reinforcement first yielded under horizontal load demands both in the bridge longitudinal direction and in the bridge transverse direction. The forces in the longitudinal and transverse directions necessary to bring the column to this diagonal first yield moment were then calculated according to the following equations. 
Fig. 7-DPT biaxial loading history.
After cycling to F′ y in both the longitudinal and transverse directions, the DPT was cycled to F′ y in the diagonal direction. Table 2 lists theoretical force values and experimental displacement values corresponding to each direction of the DPT. After establishing all ideal yield displacements, the test was run in displacement control.
DESIGN CRITERIA AND PERFORMANCE LIMITS
The California Department of Transportation (Caltrans) required the SFOBB East Spans to satisfy strain-based seismic performance criteria for two levels of earthquake: the FEE event-representing a moderate earthquake and full functionality, and the SEE event-representing a large earthquake and repairable damage. These two events were defined as follows. 7, 9 Functional evaluation earthquake (FEE)
The FEE shall be based on the spectra for a 285-to 300-year return equal hazard (probabilistic) event. This FEE corresponds to 60% probability of the ground motion not being exceeded during the useful life of these toll bridges, considered to be around 150 years.
After a functional evaluation earthquake, the bridge will provide:
• Full service almost immediately; and • Only minimal damage to the structure.
Minimal damage implies essentially elastic performance, and is characterized by:
• Minor inelastic response; • Narrow cracking in concrete;
• No apparent permanent deformation; and • Minor damage to expansion joints that does not affect serviceability of the bridge.
Safety evaluation earthquake (SEE)
The SEE shall be based on the Target Response Spectra. For the San Francisco Bay Area, the 85th percentile rock spectra for the maximum credible event corresponds approximately to the 1000-to 2000-year return period equal hazard spectra and was selected as a Target Spectra.
After a safety evaluation earthquake, the bridge will provide:
• Full service almost immediately; and • Only repairable damage to the structure.
Repairable damage (implies): • Minimal damage to superstructure; • Limited damage to piers, including yielding of reinforcement and spalling of concrete cover; • Minimal damage to piles and pilecaps; • Small, permanent deformation not interfering with serviceability of the bridge; • Damage to expansion joints; and • Other damage not requiring closure for repair.
The Design Criteria's strain-based performance limits are ε c < 0.004 and ε s < 0.01 for the FEE, and ε c < ε cu /2 and ε s < ε s /2 for the SEE, where ε cu is calculated as (5) where ρ s = the volumetric confinement ratio, f y = the yield stress of the confining reinforcement, ε su = the confining reinforcement strain at peak stress, and f ′ cc = the confined
The relationship between curvature and deflection for the Skyway piers was defined by the design team in a memo to the UCSD research team. This memo assumed that allowable ultimate curvatures were based on 2/3 of the ultimate material strains listed previously. These allowable ultimate curvatures were used to interpret the plastic hinge length and were therefore not in conflict with the strain limits specified by the Design Criteria. This memo assumed that (6) where L = the column shear span, and d b = the longitudinal bar diameter. 11 The memo specified the following equations for displacement, corresponding to Fig. 8 .
Transverse (8) The UCSD research team assumed that shear deformations were to be neglected in the calculation of test unit strains based on the test unit displacements. Furthermore, ∆ y and φ y were assumed to be the ideal yield displacement and curvature. Figure 9 shows the hysteretic behavior of the DPT in both the longitudinal and transverse directions. Similar to the LPT, the DPT performed primarily in flexure. Furthermore, the DPT encountered no difficulties resisting the shear demand in the diagonal direction. Figure 10 shows the hysteretic behavior isolated for µ ∆ = 4. In this figure, the load positions are labelled to make the hysteretic response navigable with respect to the loading history shown in Fig. 7 .
TEST RESULTS
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Fig. 8-Moment diagrams for deflection in transverse and longitudinal directions of SFOBB skyway.
The most distinctive characteristic of the DPT hysteresis loops in Fig. 9 and 10 is the drop in load capacity after a diagonal sweep (Load Positions A,B,C or D,E,F). The capacity drop is most significant for the positive excursions in the transverse (B to C) direction and the negative excursions in the longitudinal direction (E to F) where the test unit was cycled from a diagonal displacement to a displacement in a principal direction. While the component of displacement in the principal direction increased, the load decreased significantly, indicating that some of the steel that had been loaded in the diagonal direction, probably unloaded on the way to the displacement in the principal direction. This reflected the path-dependent nature of steel reinforcing bar axial strains under cyclic loading. Depending on their strain history, steel reinforcing bars can offer either a large tensile resistance, a greatly reduced tensile resistance, or even compressive resistance at the same axial strain level.
Early in the LPT, the architectural concrete spalled at a level that was uncomfortably close to the FEE limit. Figure 11 shows the architectural concrete on the LPT southeast boundary element spalling significantly during the first cycle at µ ∆ = 2 after having begun to spall during the first cycle at µ ∆ = 1. Assuming purely flexural deformation, the displacement at this level translated to an extreme fiber unconfined concrete strain of ε c = 0.0039.
In response to the early spalling of the architectural concrete observed during the LPT, isolation gaps for the architectural concrete were provided at both the top and the bottom of the DPT pier. These isolation gaps were similar to those developed to protect the architectural concrete in flared columns against seismic demands. 12 The isolation gaps inhibited early spalling in the DPT and allowed only minor vertical splitting in the architectural concrete. Figure 12 shows this splitting on the DPT southeast boundary element at µ ∆ = 2 × B. The top of the column, which had also experienced significant spalling during the LPT (refer to Fig. 13) , did not spall during the DPT (refer to Fig. 14) .
Both test units performed well beyond the SEE displacement capacities required by the Skyway Design Criteria. Prior to buckling and fracture of the longitudinal bars, the LPT reached a displacement that was 2.27 times greater than the maximum displacement allowed according to the SEE strain criteria. After initial bar fractures, the LPT was cycled once to a displacement level that was 2.82 times greater than the SEE level, losing strength due to further longitudinal bar fractures. Figure 15 compares the predicted force-displacement curve, the performance levels, and the hysteretic behavior of the LPT. The level of ductile displacement exhibited in Fig. 15 suggests that the test unit design was sufficiently conservative with respect to both confinement and shear capacity.
The DPT maintained its full strength through the longitudinal and transverse excursion at µ ∆ = 6. At this level, the test unit reached maximum displacements that exceeded those determined according to the SEE strain criteria by a factor of 1.76 in the longitudinal direction and 1.72 in the transverse direction. The DPT began to fail by buckling and fracture of the northeast longitudinal reinforcing bars at µ ∆ = 6 × H. The test unit was then cycled further through µ ∆ = 8 × A-F until at least 1/3 of the boundary element longitudinal reinforcing bars had fractured and the test unit stiffness had degraded significantly. During these final cycles, the test unit never reached the global failure criteria of 20% loss in ultimate strength in the bridge longitudinal direction. The DPT first reached this failure criterion in the transverse direction at µ ∆ = 8 × D. All the while, the test unit reached displacements that exceeded those determined according to the SEE strain criteria by a factor of 2.35 in the longitudinal direction and 2.29 in the transverse direction. Figure 16 compares the measured force-displacement responses of the DPT with the theoretical force-displacement characterizations. The level of ductile behavior evident in this figure speaks again to the satisfactory performance of the test unit and its conservative design and detailing with respect to seismic loads. Recognizing that the longitudinal component of the diagonal displacement was nearly equal to the purely longitudinal displacement, the test unit's ability to perform component-wise beyond the SEE strain levels in the diagonal direction further supports the conclusion that the test unit was designed conservatively. See Reference 3 for a discussion of the variation in displacement capacities between the LPT and DPT.
Both test units failed in flexure by buckling and fracture of the longitudinal reinforcing bars. The buckling bars were observed to push the confining spirals outward. In both test units, some confining spirals were observed to fracture at locations where they had been greatly strained by the buckling longitudinal bars. Furthermore, the DPT spirals were observed to expand in a polygonal shape, indicating that their deformation was a direct result of being pushed outward by buckling longitudinal bars. In the LPT, longitudinal bars were also observed to buckle sideways inside the boundary element.
The Design Criteria steel strain limits are based on the longitudinal bar strains at ultimate stress under a monotonic load multiplied by a reduction factor. While it is appropriate to reduce the allowable steel strains from the values recorded during monotonic testing, this reduction should be more solidly based on a simple, rational theory of inelastic bar buckling. The Design Criteria concrete strain limits are based on the incorrect assumption that the lateral expansion of the confined concrete causes hoops or spirals to fracture. While this expansion may bring the spirals to yield, as it did in the diagonal directions of the DPT, it is not likely to reach a magnitude that could fracture the hoops or spirals. Once the spirals have yielded, they no longer possess enough stiffness to restrain the longitudinal bars from buckling. Any model developed to predict this buckling strain limit state effectively should at least be a function of the total strain demand on the bar (tension + compression), 13 the level and distribution of confinement, the confinement strain prior to buckling, and Figure 17 shows the DPT flexural and shear displacements in the bridge longitudinal direction. Recognizing that these displacements maintained constant proportionality to one another at peak displacements for all levels of displacement ductility, 13 the approximate ratio ∆ s /∆ f ≈ 0.20 was established for the longitudinal direction and ∆ s /∆ f ≈ 0.10 was established for the transverse direction. The lower percentage of shear displacement in the transverse direction is explained by the fact that the magnitudes of inelastic shear displacements are generally inversely proportional to member aspect ratio. 4 LPT flexural and shear displacements were observed to be related according to the approximate ratio ∆ s /∆ f ≈ 0.22.
Regarding shear strength, the relative interaction of transverse bars and boundary element spirals, and the anchorage of transverse bars were of primary interest. Almost no yielding was observed in any of the transverse bars and spirals inside the boundary element regions. Both transverse bars and spirals were observed to resist shear and, at different locations, both types of bars were observed to experience larger strains than the other. This made it difficult to assess the breakdown of shear resistance between the transverse bars and the spirals. In several locations, however, the spiral strains and the transverse bar strains were less than or equal to the yield strain. These results, in addition to results from other tests on structural walls with confined boundary elements, 14 supported the conclusion that only the transverse bars should be included in assessing such a pier's shear capacity.
The ends of all transverse bars were left straight to facilitate construction of the test units. During testing, no adverse effects resulting from this lack of anchorage were observed. Transverse bars were gauged near their ends to monitor the bars' ability to achieve strain capacity. Inside the lower portion of the plastic hinge region, some bars were observed to lose strain capacity in the tension boundary elements. In this region, where most of the shear was resisted by the compression toe, the full resisting capacity of the transverse bars was not required and therefore such losses were inconsequential to overall shear capacity. Strain measurements showed adequate anchorage of the transverse bars further than one column depth away from the point of maximum moment.
Even with the number of wall crossties reduced by a factor of four from the 85% design, no problems were observed in the connecting walls. Wall crosstie strains were observed to remain well below yield at all levels where they were engaged in passive confinement of the wall concrete.
PLASTIC HINGE LENGTH
The Design Criteria for the Skyway assumed strain limit states generally accepted to be conservative with regard to the flexural deformation of the Skyway piers. The plastic hinge length specified according to Eq. (6) was not, however, calibrated based on columns with geometry and reinforcement of the Skyway piers and therefore did not necessarily apply to the Skyway piers.
The Skyway pier proof-of-concept tests were conducted both for the immediate purpose of verifying the safety of the existing Skyway design and for the general purpose of increasing understanding of bridge pier behavior under seismic loads. Different approaches to the plastic hinge length are appropriate to suit these different purposes. Therefore, the following section approaches the relationship between flexural strains and pier displacements from three different points of view. The first approach is based on the actual Skyway pier design assumptions and bears significance only for the East Bay Bridge Skyway piers. The second approach assumes that the capacity strain limits assumed by the designers represent the real strains in the Skyway piers at their full capacity. The third approach assumes neither strain limits nor plastic hinge length and instead calculates these parameters based on the assumption that the plastic curvatures have a linear distribution. 5, 15 The first approach is the most practical for determining the level of safety designed into the Skyway, but gives only limited insight into the behavior of the Skyway piers. The second case gives new insight into the Skyway piers' flexural behavior based on assumptions familiar to the current state of the practice. The third case calls into question not only the current understanding of plastic hinge length but also the current understanding of strain limits. This third approach provides the most compelling insights into the actual behavior of the Skyway piers and bridge piers in general, but it also requires the most comprehensive reevaluation of wellestablished conventions.
To compare the displacement capacity of the LPT with the demand limits placed on a typical Skyway pier, both the plastic hinge length and the base curvature of the test unit must be calculated according to the same method used for designing the Skyway piers. This necessity implies that neither the concept of an experimental plastic hinge length nor that of an experimental base curvature for the Skyway pier test units bears any practical significance for the design of the Skyway. In this case, the total pier displacement measured from a realistic proof-of-concept test is enough to check the safety of the design. Figure 15 and 16 made this comparison between test unit displacements and the limits on allowable predicted Skyway pier displacements.
Alternatively, assuming a theoretical base curvature that corresponds to the strain limits assumed by the designers, the average ultimate experimental test unit displacement can be used to calculate an experimental plastic hinge length. If the plastic hinge length is calibrated to reflect actual test unit behavior, then the displacement level associated with the assumed failure strains must correspond to the displacement of the test unit at failure. For this purpose, the capacity strain limit refers to the strains at the highest level of displacement reached by the test unit before longitudinal bar fracture. The designers assumed the limiting capacity strain to be 2/3ε cu = 2/3(0.022) = 0.015 for the bridge longitudinal direction, and 2/3ε cu = 2/3(0.090) = 0.060 for the bridge transverse direction.
It is important to consider, however, the consequences of basing calculations for the plastic hinge length on strain limits that are 2/3 of the assumed ultimate strain. While the reduction factor of 2/3 was assumed to ensure greater safety in the design of the Skyway piers, the plastic hinge length is used explicitly as a tool to predict ultimate displacements. Experimental plastic hinge lengths that are derived based on 2/3 ultimate strains correspond exactly to the limits specified by the designers. Experimental plastic hinge lengths that are derived based on ultimate strains ensure, however, that the designers' assumed 2/3 strain limits are conservative.
Additionally, experimental plastic hinge length values depend heavily on experimental values for ultimate displacement. Experimental ultimate displacements corresponded to displacement ductility levels ranging between µ ∆ = 6 and µ ∆ = 8. Therefore, depending on how the test units were loaded and the relationship between the first longitudinal bar fracture and column failure, the true value of experimental ultimate displacement can vary by as much as 33%. The fact that the LPT was unwittingly pushed further than it was pulled and therefore reached positive displacements greater than µ ∆ = 6 prior to longitudinal bar fracture further complicated the issue. Table 3 gives the plastic hinge lengths (Column 8) calculated according to both the ultimate strain limits and the 2/3 ultimate strain limits (Column 6). Both versions of experimental plastic hinge length are given in accordance with average ultimate displacements prior to first bar fracture (Column 5). These displacement levels corresponded to the nominal level µ ∆ = 6 and are labelled "test capacity" in Fig. 15 and 16 . The values of L p were solved according to Eq. (7) and (8) . Column 3 lists the shear span values as L. For the bridge longitudinal direction, L = H/2, assuming zero rotation of the load stub, and for the bridge transverse direction, L = H + B D /2. The experimental plastic hinge length values in Column 8 corresponding to ultimate strain limits show remarkable similarity to the plastic hinge length values calculated according Eq. (6) in Column 4. The accuracy of Eq. (6) loses some of its credibility, however, if one takes into account the fact that Eq. (5) and (6) were created to yield results that are conservative by roughly 50%. Comprehensive assessment of experimental curvature profiles allows one to calculate experimental values for L p that reflect the true spread of plasticity. Due to space limitations, readers are referred to References 3, 5, and 15 for a comprehensive discussion of this subject. details and reducing the number of wall crossties, were within reason. In addition to improving the piers' constructibility, the tests demonstrated the effectiveness of architectural concrete isolation gaps in preventing FEE spalling at the base of the column and alleviating all spalling at the top of the column. Structural testing demonstrated both that the Skyway piers had sufficient shear capacity to form plastic hinges and that these plastic hinges allowed for higher displacement capacity than required by the Design Criteria. Further tests conducted as part of this research program demonstrated that structural walls with drastically reduced wall thickness and transverse shear reinforcement still performed adequately in shear, lending credibility to the shear performance of these generalized test units. 6, 16 Discussion of the performance limits set for the Skyway piers demonstrated that such performance limits can be used to match proof-of-concept tests against real designs but that they cannot be expected to reflect the real behavior of such piers. Reference 5 presents, in detail, a model that was developed to accurately predict the spread of plasticity and force-displacement behavior of a variety of well-confined bridge piers based on section properties and shear reinforcement. = test unit ideal yield displacement corresponds to µ ∆ = 1 ∆′ y = column top displacement at first yield ε c = concrete strain ε cu = ultimate concrete strain ε Func = FEE strain limit ε s = steel strain ε Safety = SEE strain limit ε sh = steel strain at onset of hardening ε su = steel ultimate strain ε u = steel ultimate strain µ ∆ = displacement ductility ratio ρ s = volumetric confinement ratio in boundary elements φ D = Skyway pier curvature demand φ p = plastic curvature φ u = ultimate curvature φ y = ideal yield curvature
CONCLUSIONS
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